The exon junction complex (EJC) is a protein complex that assembles near exon-exon junctions of mRNAs as a result of splicing. EJC proteins play important roles in postsplicing events including mRNA export, cytoplasmic localization, and nonsensemediated decay. Recent evidence suggests that mRNA translation is also influenced by the splicing history of the transcript. Here we identify eIF4A3, a DEAD-box RNA helicase and a member of the eIF4A family of translation initiation factors, as a novel component of the EJC. We show that eIF4A3 associates preferentially with nuclear complexes containing the EJC proteins magoh and Y14. Furthermore, eIF4A3, but not the highly related eIF4A1 or eIF4A2, preferentially associates with spliced mRNA. In vitro splicing and mapping experiments demonstrate that eIF4A3 binds mRNAs at the position of the EJC. Using monoclonal antibodies, we show that eIF4A3 is found in the nucleus whereas eIF4A1 and eIF4A2 are found in the cytoplasm. Thus, eIF4A3 likely provides a splicing-dependent influence on the translation of mRNAs.
INTRODUCTION
As nascent transcripts, pre-mRNAs are associated with abundant nuclear proteins collectively known as hnRNP proteins (Choi and Dreyfuss 1984; Dreyfuss et al. 1993) . Pre-mRNA processing in the nucleus includes addition of a cap structure, splicing, and polyadenylation, and is accompanied by changes in the composition and arrangements of proteins associated with the mRNA . Recently, pre-mRNA splicing was shown to be accompanied by a profound change in the protein composition of the mRNA (Luo and Reed 1999; Kataoka et al. 2000; Le Hir et al. 2000b ). In particular, mRNAs generated by splicing acquire specific protein complexes that assemble 20 to 24 nt upstream of spliced junctions, termed the exon junction complex (EJC; Kataoka et al. 2000 Kataoka et al. , 2001 Le Hir et al. 2000a Zhou et al. 2000; Kim et al. 2001a; Luo et al. 2001 ).
The known proteins of the EJC, SRm160, RNPS1, UAP56, Aly/REF, Upf3, Y14, and magoh, function at many levels during mRNA metabolism. SRm160 and RNPS1 are activators of pre-mRNA splicing (Blencowe et al. 1998; Mayeda et al. 1999) , whereas Aly/REF and UAP56 were shown to function in the nuclear export of mRNAs (Zhou et al. 2000; Gatfield et al. 2001) . RNPS1 (Lykke-Andersen et al. 2001 ), hUpf3 (Lykke-Andersen et al. 2000) , and Y14 (Gehring et al. 2003) were shown to play a role in nonsensemediated decay (NMD) of mRNAs, a process that leads to degradation of mRNAs containing premature termination codons. Y14 along with its associated protein magoh were also shown to be important for oskar mRNA localization in Drosophila during oogenesis (Newmark and Boswell 1994; Hachet and Ephrussi 2001; Mohr et al. 2001) . In addition, the EJC may be important for translation efficiency. The observation that the presence of an intron can enhance translation efficiency of some mRNAs (Matsumoto et al. 1998; Nott et al. 2003; Wiegand et al. 2003 ) and the finding that most EJC proteins bind spliced but not intronless mRNAs suggests that the EJC may be involved in increasing translation efficiency of spliced mRNAs. Thus, the fate of processed mRNAs is partly influenced by the acquisition of the EJC. In addition to pro-viding information about the overall structure of the gene from which the mRNA is produced, EJC proteins could determine the path through which mRNAs are processed from their precursors and possibly provide additional signals .
Among the components of the EJC, magoh and Y14 are of considerable interest because they persist on mRNAs after export from the nucleus to the cytoplasm, where they are removed by the translation machinery (Dostie and Dreyfuss 2002) . Therefore, the identification of proteins that associate with Y14 and magoh or the complexes that contain them is of particular importance in studying the function of the EJC in postsplicing events. Here, we identify eIF4A3 as a novel component of the EJC. We show that eIF4A3, a member of the eIF4A DEAD-box helicase family of translation initiation factors, binds spliced but not intronless mRNAs. Furthermore, eIF4A3 associates with spliced mRNAs at the position of the EJC. We suggest that eIF4A3 may provide a link between splicing and translation in the cytoplasm.
RESULTS

Mass spectrometry identifies eIF4A3 as a protein that associates with magoh and Y14 complexes
To facilitate the characterization of the EJC, we generated tetracycline-inducible stable cell lines that express flagtagged magoh, flag-tagged Y14, and, as a control, flagtagged hnRNP C1 (Fig. 1) . To allow proper incorporation of the tagged proteins without disruption of the endogenous complexes, cell lines were established and characterized under conditions where low levels of the tagged proteins were expressed. Proteins that associate with Y14-and magoh-containing complexes were identified by immunoprecipitation with anti-flag antibody (M2) from both the cytoplasmic and nucleoplasmic fractions. Proteins bound to the anti-flag antibody beads were eluted with flag peptides, resolved by SDS-PAGE, and detected by silver staining.
Proteins that associated with magoh-or Y14-containing complexes but not with hnRNP C1 complexes were isolated from the gel and identified by nanoelectrospray mass spectrometry. Two peptide sequences were identified for the 47-kD protein band (Fig. 1) . The first peptide sequence, GIYAYGFEKPSAIQQR, is found in eukaryotic initiation factors eIF4A1, eIF4A2, and eIF4A3, whereas the second peptide sequence, LDYGWHVV AGTPGR, is found only in eIF4A3 (Fig.  2) . Therefore, these peptides uniquely identify eIF4A3 as part of the 47-kD protein band coimmunoprecipitated with magoh and Y14 complexes.
Monoclonal antibodies localize eIF4A3 to the nucleoplasm
To confirm that eIF4A3 is a component of magoh-and Y14-containing complexes and to further characterize this association, monoclonal antibodies against recombinant eIF4A3 were generated. One antibody, designated 3F1, recognized a single protein band migrating FIGURE 1. Identification of eIF4A3 as a flag-magoh and flag-Y14 complex associated protein in vivo by mass spectrometry. Nucleoplasmic (right) and cytoplasmic (left) extracts from parental Tet-On (mock), flag-hnRNP C1, flag-magoh, and flag-Y14 cell lines were incubated with anti-flag antibody beads and bound proteins were eluted as described in Materials and Methods. Eluted proteins were resolved by SDS-PAGE and detected by silver staining. The protein migrating with an apparent molecular weight of 47 kD was identified by mass spectrometry as eIF4A3.
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with an apparent molecular weight of 47 kD by Western blotting (Fig. 3A) . Because eIF4A3 shares 67%-68% identity and is of similar size to eIF4A1 and eIF4A2 (Fig. 2) , we tested the specificity of 3F1 on recombinant eIF4A3, eIF4A2, and eIF4A1. As shown in Figure 3B , 3F1 specifically recognized eIF4A3 by Western blotting. In addition, 3F1 specifically immunoprecipitated in vitro translated eIF4A3 but not in vitro translated eIF4A1 or eIF4A2 (Fig. 3C ).
Immunofluorescence microscopy on HeLa cells using 3F1 indicates that eIF4A3 primarly localizes to the nucleoplasm (Fig. 4) . A similar localization pattern was observed for transiently transfected myc-eIF4A3. These results are in agreement with a previous study showing that eIF4A3 is a nuclear protein (Holzmann et al. 2000) . In contrast, transiently transfected myc-eIF4A2 and myc-eIF4A1 localized to the cytoplasm. Although eIF4A3 predominantly localized to the nucleus by immunofluorescence, significant amounts were found in the cytoplasm by cell fractionation (Fig. 5 , bottom panel).
eIF4A3 coimmunoprecipitates with nuclear magohand Y14-containing complexes
To confirm that eIF4A3 is associated with magoh and Y14 complexes, the complexes were immunoprecipitated with anti-flag antibodies and analyzed by Western blotting with anti-eIF4A3 antibodies. Figure 5 shows that eIF4A3 efficiently coimmunoprecipitates with magoh and Y14 from the nucleoplasm but not with hnRNP C1. The preferential association of eIF4A3 with nuclear magoh and Y14 was not due to the presence of higher levels of the flag-tagged proteins in the nucleus, because higher amounts of flag-magoh and flag-Y14 were immunoprecipitated from the cytoplasmic fraction as compared to the nucleoplasmic fraction ( Fig. 5) . Also, the preferential coimmunoprecipitation of eIF4A3 with nuclear magoh and Y14 was not due to higher nuclear levels of eIF4A3 because considerable amounts of eIF4A3 were also found in the cytoplasm (Fig. 5 , cytoplasmic input lane). Thus, these results demonstrate that eIF4A3 associates in vivo with magoh-and Y14-containing complexes and suggest that this association takes place predominantly in the nucleus. Because eIF4A3 is highly similar in sequence to eIF4A1 and eIF4A2, it was possible that these proteins might also be associated with Y14 complexes. To determine whether eIF4A1 and eIF4A2 are associated with Y14-containing complexes, myc-eIF4A1, myc-eIF4A2, and myc-eIF4A3 were transiently transfected into either flag-Y14 or flaghnRNP C1 cell lines. Flag-Y14 and flag-hnRNP C1 were immunoprecipitated as described above and analyzed by Western blotting with anti-myc and anti-flag antibodies. In agreement with the results presented for the endogenous protein, myc-eIF4A3 was coimmunoprecipitated with nuclear flag-Y14 but not with flag-hnRNP C1. In contrast, myc-eIF4A2 was not coimmunoprecipitated with nuclear or cytoplasmic flag-Y14, whereas similar to myc-eIF4A3, low levels of myc-eIF4A1 coimmunoprecipitated with cytoplasmic flag-Y14 (data not shown). Together, these results demonstrate that eIF4A3 specifically associates with Y14-containing complexes in the nucleus and suggest that this interaction persists into the cytoplasm. FIGURE 2. Amino acid sequence alignment of human eIF4A translation initiation factors. Human eIF4A3 (CAA56074), eIF4A2 (BAA06336), and eIF4A1 (P04765) amino acid sequences were aligned using the ClustalW alignment program. Identical and conserved residues are indicated by dark gray and light gray shading, respectively. Peptides identified by mass spectrometry are shown in red. The conserved DEAD-box RNA helicase domain extends from amino acids ca. 82 to 372. eIF4A3 binds mRNAs produced by splicing but not intronless mRNA Y14 and magoh were previously shown to be components of postsplicing, pretransport mRNPs and to preferentially associate with spliced mRNAs (Kataoka et al. 2000 (Kataoka et al. , 2001 Le Hir et al. 2000a) . Because eIF4A3 associates with nuclear magoh-and Y14-containing complexes (Fig. 5) , we asked whether eIF4A3 might also predominantly bind spliced mRNAs. To test this, we examined the binding of eIF4A3 to splicing products of a previously characterized pre-mRNA derived from the chicken ␦-crystallin (CDC1) gene (Ohno et al. 1987) . Splicing reactions were immunoprecipitated with antibodies against hnRNP C (4F4), Y14 (4C4), eIF4A3 (3F1), or with the nonimmune antibody SP2/0 as control, and associated RNAs were analyzed on a polyacrylamide denaturing gel. Similar to Y14, eIF4A3 preferentially associated with spliced but not intronless mRNAs, whereas premRNAs were predominantly coimmunoprecipitated with hnRNP C1 (Fig. 6) . The association of eIF4A3 with spliced mRNAs is a general characteristic of this protein and not unique to the CDC RNA, as similar results were obtained with a splicing substrate derived from the adenovirus major late promotor (Ad2; data not shown; Pellizzoni et al. 1998 ). These results demonstrate that eIF4A3 associates with spliced mRNAs.
eIF4A1 and eIF4A2 do not bind spliced mRNAs
In addition to sharing conserved motifs characteristic of the DEAD-box RNA helicases, eIF4A3 is 67% identical to eIF4A1, with most of the divergence residing in the first 40 amino acids of eIF4A3 (Li et al. 1999 ). Because of this high degree of sequence similarity, we asked whether eIF4A1 and eIF4A2 could also bind spliced mRNAs. To answer this question, splicing reactions made from total extracts of HeLa cells transiently transfected with flag-eIF4A1, flag-eIF4A2, or flag-eIF4A3 were immunoprecipitated with anti-flag antibodies and processed as described above (Fig. 6) . In this assay, flag-eIF4A3 was predominantly bound to spliced mRNAs (Fig. 7 , lane 4) but flageIF4A2 and flag-eIF4A1 were not (Fig.  7A, lanes 8,12) . Because the amount of flag-eIF4A3, flag-eIF4A2, and flag-eIF4A1 proteins in each splicing extract was similar ( Fig. 7B) , the difference in binding to spliced mRNAs reflects an intrinsic characteristic of eIF4A3. Thus, eIF4A3 is the only eIF4A family member that has the capacity to bind spliced mRNAs in an in vitro splicing assay. eIF4A3 binds at the position of the exon junction complex Y14 and magoh, as well as the other components of the EJC, bind mRNAs approximately at 21 nt upstream of exonexon junctions. Because eIF4A3 associates in vivo with nuclear magoh and Y14 complexes and it preferentially binds to spliced mRNAs, we asked whether eIF4A3 is a component of the EJC. To determine the binding position of eIF4A3 on spliced mRNAs, we carried out an RNA mapping analysis as previously described (Le Hir et al. 2000a; Kataoka et al. 2001; Kim et al. 2001b) . In this assay, in vitro splicing reactions using Ad2 pre-mRNA were incubated with recombinant RNase H and DNA oligonucleotides, which are complementary to mRNA sequences flanking the EJC site (A10 and A5 on Fig. 8) . The reactions were then used in immunoprecipitation experiments with the indicated antibodies (Fig. 8A) . As illustrated in Figure 8B , sev- A translation initiation factor in the nuclear EJC www.rnajournal.org eral fragments were generated by the sequence-specific digestion of the Ad2 mRNAs with the oligonucleotides. The shortest fragment (F2) contains the 20-nt region upstream of the exon-exon junction and corresponds to the region where the EJC proteins are bound. Figure 8A shows that similar to Y14, eIF4A3 associates with the F2 fragment from the in vitro splicing reaction. Anti-cap antibody (H20), used as a control, did not immunoprecipitate the F2 fragment. Similar results were obtained from a mapping experiment performed with the CDC premRNA (data not shown). These findings indicate that eIF4A3, like Y14, magoh, and other EJC components, binds at the position of the exon junction complex and is therefore a bona fide EJC protein.
eIF4A3 binds TAP and Aly/REF in vitro
Because eIF4A3 binds to spliced mRNAs at the position of the EJC, we asked whether eIF4A3 could interact with other known components of the EJC. For this, the binding of recombinant GST-eIF4A3 to in vitro translated magoh, Y14, Aly/ REF, TAP, Upf3a, RNPS1, UAP56, and Srm160 was tested, and hnRNP C1 and hnRNP A1 were used as controls. This experiment was also performed with GST alone to control for background (data not shown). As shown in Figure 9 , eIF4A3 efficiently associates with the mRNA export factor TAP and with Aly/REF. In this assay, GST-eIF4A3 did not significantly bind to magoh or Y14 (binding less than 2%), suggesting that eIF4A3, as a component of the EJC, associates with Y14 and magoh indirectly through its interaction with TAP and Aly/REF. The ability of GST-eIF4A3 to bind efficiently to in vitro translated TAP and Aly/REF was not shared by GST-eIF4A1 (Fig. 9) .
DISCUSSION
The EJC is a multiprotein complex that contains proteins important in splicing and polyadenlyation (RNPS1, SRm160), mRNA export (UAP56, Aly/REF), NMD (Y14, RNPS1, Upf3), and mRNA localization (Y14, magoh). Through the use of inducible flag-Y14-and flag-magohexpressing cell lines, we identified eIF4A3 as a component of Y14 and magoh complexes, and demonstrated that it is a novel component of the EJC. eIF4A3 is a DEAD-box RNA helicase homologous to the translation initiation factors eIF4A1 and eIF4A2. It was previously shown that eIF4A3 inhibits translation in an in vitro reticulocyte translation system (Li et al. 1999) . However, nothing is known about the function of eIF4A3 as part of the EJC. eIF4A3 was recently reported to be present in the B and C spliceosomal complexes whereas two of the EJC proteins, Y14 and magoh, were only found in the latter (Jurica et al. 2002; Jurica and Moore 2003) . Thus, it is possible that in the nucleus, eIF4A3 functions to promote unwinding of secondary structures within pre-mRNA substrates to stimulate splicing and/or facilitate assembly of EJCs on spliced mRNAs.
The observation that eIF4A3 efficiently interacts with TAP and Aly/REF in vitro (Fig. 9) suggests that eIF4A3 might play a role in nuclear mRNA export. TAP, Aly/REF, and UAP56 were previously shown to be important for mRNA export (Zhou et al. 2000; Gatfield et al. 2001) . The nucleocytoplasmic transport of mRNAs through nuclear pore complexes (NPCs) is an active, energy-dependent process during which considerable mRNP remodeling, including the removal of several hnRNP and EJC proteins, is thought to occur. Because eIF4A3 is an ATP-dependent RNA helicase, it might contribute to the remodeling and translocation of mRNPs during transit through NPCs. Another DEAD-box RNA helicase, Dbp5, has been implicated in similar processes (Snay-Hodge et al. 1998; Zhao et al. 2002) .
Although the step at which eIF4A3 is displaced from the mRNP is unknown, it is possible that it persists on mRNAs into the cytoplasm, as low levels of eIF4A3 were found to associate with Y14-containing complexes in the cytoplasm (Fig. 5) . Considering its reported activity as a translation inhibitor (Li et al. 1999) , eIF4A3 might inhibit premature or aberrant translation in both the nucleus and the cytoplasm. eIF4A3 was shown to interact with the translation initiation factor eIF4G, although more weakly than the positive effectors of translation, eIF4A1 and eIF4A2. Thus, in addition to directly inhibiting translation initiation along the length of mRNAs, eIF4A3 may also indirectly stimulate translation in the cytoplasm by increasing the local concentration of eIF4G and other initiation factors onto spliced mRNPs. In this model, eIF4A3 would remain associated with mRNPs until it is removed by the ribosome during the first round of translation. This concept also suggests a role for eIF4A3 in NMD. Alternatively, eIF4A3 might be replaced by eIF4A1 or eIF4A2 on the mRNP to stimulate the first round of translation. The discovery of eIF4A3 as a component of EJCs will provide further insight into the role of the EJC in influencing postsplicing processes including translation.
MATERIALS AND METHODS
Plasmids
The plasmids used to establish inducible cell lines of flag-hnRNP C1, flag-magoh, and flag-Y14 were generated by subcloning PCR products containing a flag sequence at the 5Ј end into the pTRE vector (Clontech). eIF4A3, eIF4A2, and eIF4A1 cDNAs were isolated by PCR from a HeLa cDNA library. cDNAs were cloned into modified pcDNA3 vectors (Invitrogen) containing either the myctag or the flag-tag sequence at the 5Ј end. The eIF4A3 and eIF4A1 cDNAs were cloned into the pGEX-6p-2 vector (Amersham Biosciences, Inc.) for the purification of GST-tagged recombinant proteins, and into the pet28a vector (Novagen) for the purification of His-tagged recombinant proteins.
Generation of stable cell lines
HeLa Tet-On cells (Clontech) that constitutively express the tetracycline transactivator were cotransfected by the calcium phosphate method with the pTRE plasmids encoding either flag- A translation initiation factor in the nuclear EJC www.rnajournal.org hnRNP C1, flag-magoh, or flag-Y14 and with a pTK-Hyg plasmid carrying the hygromycin resistance gene for selection. Stable clones were obtained by double selection in the presence of G418 (100 µg/mL) and hygromycin (200 µg/mL). Individual clones were isolated and analyzed by Western blotting for the expression of flag-hnRNP C1, flag-magoh, or flag-Y14 using the anti-flag antibody M2 (Sigma) after induction with doxycycline (5 µg/mL) for 24 h. Stable HeLa Tet-On (parental cell), flag-hnRNPCl, flag-magoh, and flag-Y14 cell lines were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (complete DMEM), G418 (100 µg/mL), and hygromycin (200 µg/mL). HeLa Tet-On cells (control) were cultured in complete DMEM in the presence of G418 (100 µg/mL).
Affinity purification of flag-hnRNP C1, flag-magoh, and flag-Y14 complexes
Flag-hnRNP C1, flag-magoh, flag-Y14, and HeLa Tet-On cells (control) were grown as described above in the presence of doxycycline (1.25 µg/mL) for 24 h. Subcellular fractionation of the induced cell lines was performed as previously described (Siomi et al. 1997) . Briefly, cytoplasmic extracts were prepared by resuspending cells in RSB 150 (10 mM Tris-HCl at pH 7.4, 2.5 mM MgCl 2 , 150 mM NaCl) containing 0.05% digitonin, protease inhibitors (Complete; Roche) and 1 mM DTT. Cells were disrupted by passing through a 27 gauge needle five times, and centrifuged at 3000g for 1 min. The supernatant was clarified by centrifugation at 27,000g for 10 min and filtered through a 0.45 µm filter. The remaining pellets (after the 3000g spin), enriched with nuclei, were resuspended in RSB 150 containing 0.5% Triton X-100, protease inhibitors (Complete; Roche) and 1 mM DTT. The nuclear fraction was briefly sonicated on ice, centrifuged 27,000g for 10 min, and filtered through a 0.45 µm filter. Cytoplasmic and nucleoplasmic extracts were incubated with anti-flag antibody beads for 1 h at 4°C for binding. After binding, supernatants were discarded, and beads were washed five times with lysis buffer containing 0.5% Triton X-100, protease inhibitors (Complete; Roche) and 1 mM DTT. Bound complexes were eluted from the anti-flag beads with 5-10 bed volumes of RBS 100 (10 mM Tris-HCl at pH 7.4, 2.5 mM MgCl 2 , 100 mM NaCl) containing 300 ng/µL 3X-flag peptide (Sigma) for 1 h at 4°C.
Antibodies, Western blotting and immunofluorescence microscopy
Mouse anti-eIF4A3 monoclonal antibody 3F1 was prepared by immunizing BALB/c mice with full-length recombinant GSTeIF4A3 as previously described (Kataoka et al. 2000) . Nonimmune mouse IgG, SP2/0 (Kataoka et al. 2000) , and anti-Y14 antibody 4C4 (Kim et al. 2001b ) were previously described. The antimonomethylguanosine cap structure antibody H20 (Bochnig et al. 1987 ) was a generous gift from Dr. Reinhard Lührmann (Max Planck Institute of Biophysical Chemistry, Department of Cellular Biochemistry, Göttingen, Germany). Anti-flag monoclonal antibody M2 and anti-myc monoclonal antibody 9E10 were purchased from Sigma and Santa Cruz, respectively. Peroxidase-coupled antimouse IgG was purchased from Jackson ImmunoResearch Laboratories. Western blotting and immunofluorescence microscopy were performed as previously described (Siomi et al. 1997) .
Protein microsequencing by mass spectrometry
Protein bands were excised from a silver-stained polyacrylamide gel (Novex mini gel, Invitrogen) and in gel digested with trypsin as described previously . Tryptic peptides in the supernatant were analyzed by nano-electrospray tandem mass spectrometry using a QSTAR (MDS Sciex) equipped with a nanoelectrospray ion source (MDS Proteomics) as previously described . Peptides were identified with comprehensive protein and expressed sequence tag databases using the Protein and Peptide Software Suite (MDS Proteomics). No limitation was imposed on protein molecular weight and species of origin.
In vitro splicing, RNase H digestion, and immunoprecipitation
Template preparation, in vitro transcription, and in vitro splicing reactions (with minor modification) were performed as previously described (Kataoka et al. 2001; Kataoka and Dreyfuss, 2003) . Briefly, HeLa cells or HeLa cells transfected with flag-pcDNA3 (control), flag-eIF4A3, flag-eIF4A2, or flag-eIF4A1 were resuspended in Buffer DЈ (20 mM HEPES-KOH at pH 7.9, 100 mM KCL, 0.2 mM EDTA). The cells were disrupted by sonication on ice and centrifuged at 27,000g for 15 min. The supernatant (Total Hela cell splicing extract) was stored at −80°C until used in splicing reactions. A 40-µL splicing reaction contained 16 µL of HeLa ]-labeled Ad2 pre-mRNA was spliced in total HeLa cell extracts, incubated with A5 and A10 oligonucleotides, and subjected to RNase H digestion. Digested splicing reactions were immunoprecipitated with nonimmune antibody SP2/0 (control), H20 (␣-cap), 4C4 (␣-Y14), and 3F1 (␣-eIF4A3). Coimmunoprecipitated RNA fragments were isolated and analyzed on 10% polyacrylamide denaturing gel. Inputs represent 5% of total reactions used for immunoprecipitation. (B) Schematic representation of the RNA fragments generated by RNase H cleavage of spliced Ad2 mRNA. The fragment associated with eIF4A3 is shown in red and the 5Ј most fragment immunoprecipitated with the anti-cap antibody is shown in green. A translation initiation factor in the nuclear EJC www.rnajournal.org total cell splicing extracts and 4 µL of 10× SP buffer (Pellizzoni et al. 1998) . RNase H digestion with A5 and A10 oligonucleotides and immunoprecipitation were performed as previously described (Hanamura et al. 1998; Kim et al. 2001b ).
In vitro protein binding experiment All [ 35 S]methionine-labeled proteins were produced in vitro using a TNT-coupled rabbit reticulocyte extract system (Promega) according to the manufacturer's protocol. All proteins shown in Figure 9 were expressed from pET28a with a His tag except for RNPS1 and SRm160, which were expressed from pcDNA3 with a flag-tag. Ten microliters of the in vitro translated products were added to 5 µg of GST-fusion proteins coupled to glutathione beads in the binding buffer (10 mM Tris-HCl at pH 7.4, 2.5 mM MgCl 2 , 100 mM NaCl, 0.5 mM DTT, 0.1% NP40) and mixed for 1 h at 4°C. After binding, beads were washed five times with the same buffer and bound proteins eluted with SDS-PAGE sample buffer and resolved by SDS-PAGE and detected by autoradiography.
